Hormone refractory disease represents a late-stage and generally lethal event in prostate tumorigenesis. Analyses of mouse models have recently shown that the onset of hormone independence can be uncoupled from disease progression and is associated with activation of the phosphoinositide-3 kinase/ Akt as well as Erk mitogen-activated protein kinase signaling pathways in the prostate epithelium, which act in part to counterbalance the inhibitory effects of androgen receptor signaling in the prostate stroma. These observations have potential implications for the treatment of patients with hormone refractory cancer and highlight the role of epithelialstromal interactions for androgen independence. [Cancer Res 2007;67(14):6535-8] 
Introduction
Similar to other male secondary sexual tissues, the development and homeostasis of the prostate gland requires androgens. When the fully mature prostate is deprived of testicular androgens, either through castration or chemical androgen ablation, it undergoes rapid regression, in which f90% of prostate epithelial cells undergo apoptosis. Prostate epithelial cells remain androgen dependent even in the transformed state, and thus androgen deprivation represents an effective therapeutic intervention for prostate carcinoma, as first shown by Huggins and Hodges (1) . Nonetheless, androgen ablation is generally followed by the eventual emergence of hormone refractory prostate cancer, which represents a major clinical challenge.
Despite the greatly reduced levels of androgens in the hormonerefractory state, it is now well established that maintenance of prostate cancer cells requires androgen receptor (AR), a member of the nuclear hormone receptor family (reviewed in refs. [2] [3] [4] [5] [6] . In particular, the androgen-independent state still requires a functional AR signaling pathway. AR is usually wild type during initial emergence of androgen independence but may acquire mutations during androgen ablation therapy (2) (3) (4) 6 ). Moreover, the expression level of AR is frequently increased in androgenindependent prostate cancer (7), perhaps consistent with selection for adaptation to reduced androgen levels. Furthermore, hormone refractory tumors may produce sufficient levels of androgens to activate AR after androgen ablation therapy (8) .
These observations indicate that activity of the AR signaling pathway is maintained, and perhaps even amplified, after the reduction or absence of ligand in the androgen-independent state. Several possible molecular mechanisms have been proposed for this outcome, including (a) the development of hypersensitive AR responses due to increased AR levels or production of endogenous androgens within the prostate, (b) altered transcriptional activity of AR due to changes in expression of corepressors and/or coactivators, or (c) ligand-independent activation of AR (reviewed in refs. 2, 5) . Notably, these categories of models imply that androgen independence arises from molecular alterations that occur during carcinogenesis and that androgen-independent cells undergo molecular adaptation during this process (9) . Alternatively, other models presume that there are preexisting androgen-independent cells that occur infrequently within tumors and that these undergo clonal selection during androgen ablation therapy to result in androgen-independent tumors (9, 10). In particular, the existence of androgen-independent prostate cancer stem cells might be consistent with such a clonal selection mechanism.
Early Emergence of Androgen-Independent Prostate Cancer in Nkx3.1; Pten Mice
The analysis of the molecular mechanisms underlying androgenindependent prostate cancer has been greatly facilitated by the generation of mouse models that can recapitulate key features of hormone refractory disease. Work in our laboratories has used mouse models that contain null mutant alleles of two key regulatory genes known to be inactivated in human prostate cancer progression, Nkx3.1 and Pten (11, 12) . The Nkx3.1 homeobox gene encodes a transcriptional regulator that is expressed from the earliest stages of prostate organogenesis and is essential for proper branching morphogenesis of the prostate and expression of secretory proteins (13) . Homozygous Nkx3.1 mutant mice are healthy and viable but develop a prostate epithelial hyperplasia that leads to the development of low-grade prostatic intraepithelial neoplasia (PIN) with increasing age (13) . The Pten tumor suppressor encodes a lipid phosphatase that negatively regulates the phosphoinositide-3 kinase/Akt pathway and, thus is intimately involved with the regulation of cellular proliferation and survival (14) . Although homozygous Pten null mutants display homozygous embryonic lethality, compound heterozygotes for Nkx3.1 and Pten display high-grade PIN and invasive carcinoma with increasing age (12) . Notably, older Nkx3.1; Pten mutant mice can develop metastases as well as androgen independence (11, (15) (16) (17) .
Although hormone refractory disease arises at late stages of prostate cancer progression, our recent studies have shown that androgen independence can be largely uncoupled from disease progression (17) . To assess the onset of androgen-independent phenotypes, Nkx3.1; Pten mutant or wild-type control mice were castrated at ages from 3 weeks to 6 months. At 2 days after castration, large-scale apoptosis was observed in the control prostate but not in the Nkx3.1; Pten mutant prostates, which continued to display a highly proliferative phenotype. When analyzed at age of 8 or 10 months, the castrated mice displayed androgen-independent lesions with high-grade PIN or carcinoma phenotypes similar to those found in intact (noncastrated) mice of the same genotypes and ages. Interestingly, even mice castrated at age of 3 weeks, before sexual maturation, displayed a high frequency of androgen-independent PIN lesions. Such lesions were still observed in animals that had undergone both surgical castration as well as adrenalectomy, suggesting that androgen independence was not simply a consequence of adaptation to reduced androgen levels. Notably, in the androgen-independent lesions arising in Nkx3.1; Pten mutant mice, the AR remains wild type in sequence and in expression levels (16) . Furthermore, the growth of these lesions is blocked by treatment with the AR inhibitor flutamide, either in castrated Nkx3.1; Pten mice or in prostate tissue grafts derived from these mice and grown under the renal capsule in immunodeficient nude mice, indicating their dependence on AR. Because these tissue grafts are generated by recombination of Nkx3.1; Pten mutant epithelium with wild-type urogenital mesenchyme, their androgen-independent growth in castrated mice is strictly dependent upon the loss of function of Nkx3.1 and Pten in the epithelium rather than in the stroma/mesenchyme. Furthermore, our observations suggest that inactivation of Pten plays a primary role in emergence of androgen independence. In particular, androgen-independent lesions can also be found in Pten heterozygous mice that are wild type for Nkx3.1, whereas androgen-independent lesions were never observed in Nkx3.1 mutant mice (17) . However, inactivation of Pten leads to rapid down-regulation of Nkx3.1 expression (12, 18, 19) ; and consequently, the role of Nkx3.1 in this process remains unclear. It is important to note that these mouse models are predisposed to Pten inactivation because they contain germline deletion of one Pten allele and undergo stochastic mutational inactivation of the wild-type allele. In contrast, the initial absence of a mutated Pten allele in human patients may partially account for the long latency of prostate cancer and the observed association between late-stage cancer and androgen independence. Although this is indeed the case, analyses of human tissue samples have shown that inactivation of Pten frequently occurs by the onset of prostate carcinoma (e.g., refs. 20, 21) before clinical treatment; and thus, it is likely that androgen-independent epithelial cells are present long before the actual detection of hormone refractory disease.
The absence of a strict sequential relationship between disease progression and acquisition of androgen independence may help explain the paradoxical outcome of a major clinical study of the efficacy of finasteride in chemoprevention of prostate cancer (22) . Finasteride is an inhibitor of 5a-reductase, which converts testosterone into the active metabolite dihydrotestosterone, and therefore reduces androgen levels. Although this Prostate Cancer Prevention Trial showed that finasteride successfully reduces the overall incidence of prostate cancer, those patients who did develop cancer displayed a higher-grade disease. Therefore, it is conceivable that reduction of androgen levels may accelerate disease progression by selection for prostate epithelial cells that are predisposed to survive in the absence of androgens.
Synergistic Activities of Akt and Erk Signaling in Androgen Independence
We noted that carcinoma in both intact and castrated Nkx3.1; Pten mice displayed significant activation of the Akt pathway, as expected for inactivation of Pten, but also showed strong activation of the Erk mitogen-activated protein kinase (MAPK) pathway (16) . These pathways are also activated in human prostate cancer, particularly in androgen-independent specimens (23) (24) (25) , and cooperate in androgen-independent growth in human prostate cancer cells (26) . In addition, Akt and AR have been shown to cooperate in cancer progression in a tissue recombinant model in vivo (27) . Notably, several lines of evidence have suggested that Akt may directly phosphorylate AR, thus providing a potential mechanism by which it may contribute to androgen independence (reviewed in ref. 28 ). However, the physiologic significance of these findings has not been resolved.
For further analysis of molecular mechanisms of androgen independence, we have taken advantage of androgen-dependent and androgen-independent prostate epithelial cell lines, which we have termed CASP cell lines, that were derived from primary tumors of the mutant mice in the absence of selection for androgen independence (15) . Importantly, androgen dependence strikingly differs between existing prostate epithelial cell lines and prostate epithelium in vivo. In the absence of androgens, androgen-dependent cell lines in culture do not undergo apoptosis but instead fail to proliferate (e.g., ref. 29 ). This distinction is observed for androgen-dependent CASP cell lines (16); similar observations have been made for other mouse lines (30) . The mechanistic basis for this key distinction between the behavior of prostate epithelial cells in vivo versus in cell culture has remained unclear.
To investigate the functional significance of the activated Akt and Erk signaling pathways in androgen-independent lesions, we took advantage of matched pairs of androgen-dependent and androgen-independent CASP cell lines (15) . Retrovirally mediated overexpression of either activated Akt (*Akt) or activated B-raf (*Braf), an upstream regulator of the Erk pathway, or both resulted in androgen-independent proliferation of the androgen-dependent CASP 2.1 cell line in culture (16) . Consistent with its dependence on AR signaling activity together with Akt or Erk MAPK pathway stimulation, this proliferation in culture could be blocked by flutamide or by inhibitors of the Akt and B-raf pathways.
In contrast with the additive effects of *Akt and *B-raf on androgen-independent growth of CASP 2.1 cells in culture, the identical cells behaved differently when grown in renal grafts in vivo. Cells infected with control retroviruses failed to proliferate in the absence of androgens in culture but underwent apoptosis when grown in renal grafts with wild-type urogenital mesenchyme followed by castration. Forced overexpression of either *Akt or *Braf failed to result in growth of renal grafts in castrated nude mice, whereas coexpression of *Akt and *B-raf resulted in a strong synergistic androgen-independent growth response. Thus, the combined activation of two distinct proliferative pathways is required for the ability of prostate epithelial cells to overcome the apoptotic consequences of androgen deprivation in vivo.
difference in behavior of the CASP 2.1 cells in culture versus in vivo indicates that interaction with the wild-type tumor environment is likely to be responsible for the apoptosis of the epithelial cells in response to castration. Consistent with this interpretation, other studies have shown that stromal AR, but not epithelial AR, is necessary for the apoptotic response after castration (31) , indicating that the androgen-deprived stroma produces paracrine apoptosis-inducing factor(s) that act upon the epithelium. Moreover, AR expression has been shown to be downregulated in the stroma of hormone-refractory prostate tumors (32) . At present, the nature of the stromal proapoptotic signal(s) is unknown but identity of these signals should be of considerable interest.
In this view, the emergence of androgen independence reflects the outcome of a contest between the proliferative ability of the epithelial cells and the nonautonomous proapoptotic activity produced by the stroma. Notably, both of these competing activities require wild-type AR function, consistent with the wildtype sequence of AR in most hormone refractory cancers. In the simplest case, inactivation of Pten would strongly influence the outcome of this epithelial-stromal competition by promoting the survival and proliferation of epithelial cells. Furthermore, the combined activation of the Akt and Erk signaling pathways can overcome the stromal proapoptotic factor(s), resulting in androgen independence.
Finally, our epithelial-stromal competition model does not necessarily presume that all cells within an androgen-independent lesion are truly androgen independent at the single-cell level, as the hormone refractory state could be partially promoted by nonautonomous survival/proliferation signal(s). This would potentially be consistent with the heterogeneous nature of androgen-independent cancer (33) and would be compatible with a clonal selection model of androgen independence. Further analyses of androgen independence in mouse model systems will undoubtedly provide tests of the validity of these ideas. Figure 1 . Epithelial-stromal competition model for androgen independence. A, in the normal prostate, androgens promote homeostasis of both epithelial and stromal tissues which interact through paracrine signaling pathways (epithelial-stromal interactions). B, under conditions of androgen deprivation, proapoptotic signals are produced by stromal cells, either as a direct or indirect consequence of reduced AR signaling. These nonautonomous signals result in apoptosis of epithelial cells as typically observed for androgen-dependent prostate tumors. C, in androgen-independent tissue, strong survival/proliferation signals generated by activated Akt and Erk MAPK pathways counteract the proapoptotic signals produced from the stroma under conditions of androgen deprivation. These survival/proliferation signals could act either cell-autonomously or nonautonomously; in the latter case, even androgen-dependent cells could potentially survive. Note that AR activity may be affected as a consequence of Akt and/or Erk pathway activation, possibly through phosphorylation, altered interactions with corepressors/coactivators, or other mechanisms.
